Lipoproteins play a key role in the onset and development of atherosclerosis, the formation of lipid plaques at blood vessel walls. The plaque formation, as well as subsequent calcification, involves not only endothelial cells but also connective tissue, and is closely related to a wide range of cardiovascular syndromes, that together constitute the number one cause of death in the Western World. High (HDL) and low (LDL) density lipoproteins are of particular interest in relation to atherosclerosis, due to their protective and harmful effects, respectively. In an effort to elucidate the molecular mechanisms underlying this, and to identify factors determining lipid deposition and exchange at lipid membranes, we here employ neutron reflection (NR) and quartz crystal microbalance with dissipation (QCM-D) to study the effect of membrane charge on lipoprotein deposition and lipid exchange.
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Dimyristoylphosphatidylcholine (DMPC) bilayers containing varying amounts of negatively charged dimyristoylphosphatidylserine (DMPS) were used to vary membrane charge. It was found that the amount of hydrogenous material deposited from either HDL or LDL to the bilayer depends only weakly on membrane charge density. In contrast, increasing membrane charge resulted in an increase in the amount of lipids removed from the supported lipid bilayer, an effect particularly pronounced for LDL. The latter effects are in line with
Introduction
Arteriosclerosis and its clinical complications have been identified as the largest cause of mortality this century. [1] Development of atherosclerotic plaques and lesions is thought to be initiated by transfer of cholesterol from low density lipoprotein (LDL), oxidized LDL, lipoprotein(a), and some other lipoproteins to the blood vessel wall. This induces foam cell formation and eventually calcification. The latter results in a dramatic stiffening of the blood vessels and an effective reduced diameter, increasing the risk of blockage and/or rupture of the vessel, leading to ischemic heart attack and stroke. [2, 3] Lipids are transported to and from peripheral cells by lipoproteins; nanoscopic packages containing primarily cholesterol esters and triglycerides, coated by a monolayer of lipids and apolipoproteins. [4] Lipoproteins are categorised by density and size, and different classes are thought to play important roles in the development of, and protection from, atherosclerosis. [4] Among these, LDL and high density lipoprotein (HDL) are of particular interest to atherosclerosis. LDL particles are larger than HDL and contain higher levels of cholesterol esters. High levels of LDL in the blood are linked to increased risk of atherosclerosis, [5] whereas high HDL levels are associated with reduced atherosclerotic risk. [6] Consequently, LDL (also known as the 'bad cholesterol') levels are currently used as an atherosclerotic risk indicator, although the ratios of LDL to either HDL ('good cholesterol') or total cholesterol content are becoming more prevalent due to HDL's role in reverse cholesterol transport to the liver and the atheroprotective effects of HDL. [4] Surface sensitive techniques can be employed to investigate the interaction of lipoproteins with (model) cell membranes by supporting them on solid surfaces. We previously used neutron reflection [7] and quartz crystal microbalance with dissipation (QCM-D) [8] to study the interaction of LDL and HDL with synthetic supported lipid bilayers (SLBs). [9] Using deuterated as well as non-deuterated SLBs formed of 90 mol% dimyristoylphosphatidylcholine (DMPC) and 10 mol% dimyristoylphosphatidylserine (DMPS), which has a negative charge close to that expected for endothelial cell membranes. [10, 11] Both HDL and LDL were shown to remove lipids from the SLB and also to deposit hydrogenous material into the bilayer. [9] However, lipid deposition from lipoprotein to SLB was higher for LDL than for HDL, whereas HDL displayed a considerably higher extent of lipid removal from the SLB. These results correlate well to the clinically observed 'bad' and 'good' effects of LDL and HDL on atherosclerosis development, respectively.
In the present work, we aim to extend our studies into the molecular mechanisms underlying atherosclerosis by investigating the effect of bilayer charge on the adsorption of lipoproteins and lipid dynamics between the particles and the bilayer, as the literature contains seemingly conflicting data on this. For example, lipoproteins bind extensively to negatively charged surfaces, forming the basis for removal of lipoproteins from bloodstream circulation through apheresis using various polyanionic macromolecules (e.g., heparin, dextran sulfate, and sulfated poly(vinyl alcohol)). [12] [13] [14] [15] [16] [17] Therefore, one would expect lipoprotein binding to increase with increasing negative membrane charge. However, long-term hyperlipidaemia and type 2 diabetic patients display a reduction of anionic groups in endothelial cells in atherosclerotic lesion-prone regions, which could suggest greater interaction of LDL with lower charged membranes. [18] [19] [20] Consequently, there is a need to better understand the role of membrane charge on the extent of lipoprotein binding and their dynamics at model cellular membranes.
In addressing the effects of membrane charge density, DMPC/DMPS bilayers were prepared at different molar ratios, and their effect on LDL binding and lipid dynamics was monitored by neutron reflectometry and QCM-D. Morphological changes and phase separation of PCand PS-lipids perpendicular to the bilayer plane have previously been reported for multilamellar vesicles above 30 mol% PS. Therefore, concentrations of PS up to 25 mol% were used to ensure the formation of homogenous flat bilayers at silicon surfaces. [21] Through this, increasing membrane charge was demonstrated to result in an increase in the amount of lipids removed from the SLB, an effect particularly pronounced for LDL, whilst the amount of hydrogenous material deposited from the lipoprotein to the SLB was found to be largely independent of membrane negative charge.
Experimental Materials
Tail deuterated DMPC (1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine) and DMPS (1,2-dimyristoyl-sn-glycero-3-phospho-L-serine), as well as their non-deuterated equivalents of >99% purity, were obtained from Avanti Polar Lipids (Alabaster, USA 
Quartz Crystal Microbalance with Dissipation
Experiments were performed on a Q-Sense E4 quartz crystal microbalance (Q-Sense, Gšteborg, Sweden). All experiments were measured at 37 ¡C in duplicate. Tubing, cells, and o-rings were cleaned first in 2% Hellmanex solution (Sigma Aldrich), rinsed in ultra-pure water and ethanol (99.9 %, Sigma Aldrich) before drying under nitrogen. Silicon oxide sensors were cleaned in the same way before UV-Ozone treatment for 10 minutes (BioForce Procleaner, Bioforce Nanosciences, Salt Lake City, USA), resulting in highly hydrophilic surfaces fully wettable by water (contact angles of less than 10¡). Resonance frequencies were obtained in ultra-pure water and bilayers formed as described above using a flow rate of 100 µL min -1 until stable signals, characteristic for complete bilayers (∆F -25 s -1 , ∆D 0 a.u.), were established. [25] The bilayers were then washed in Tris buffer at 100 µL min -1 for 20 minutes. Subsequently, 1 mL of either HDL (0.132 mg mL -1 , based on protein content) or LDL (0.1 mg mL -1 based on protein content) was pumped into the measurement cell at 100 µL min -1 , whereafter the pump was stopped and the lipoproteins allowed to incubate for 12 hours at 37 ¡C. The sample was then washed for 30 minutes at 100 µL min -1 with Tris buffer and no change was detected upon rinsing.
Neutron Reflection
Neutron reflectivity measurements were carried out at the horizontal reflectometer FIGARO lipid removal check in hTris was performed that showed 0-4% lipid removal during total characterisation. Data was fitted using the MOTOFIT program which uses the Abeles formulism to calculate the expected reflectivity profile. [28] A constant sample background was first fitted, then fixed, for each contrast. For dTris and CMTris contrasts, the background was set to 6 x 10 -7 , a higher background of 1 x 10 -6 was needed to model hTris contrasts due to the higher incoherent scattering of hydrogen. After lipoprotein introduction, the background was found to be higher (8 x 10 -7 for dTris and CMTris and 1.5 x 10 -6 for hTris).
When comparing with data in the supported information from INTER (ISIS, Rutherford
Appleton Laboratory, UK) it should be noted that the sample background at INTER is not subtracted and is higher (5.5-8 x 10 6 ).
Results

Effect of bilayer charge on lipoprotein adsorption
The lipoprotein adsorption to SLBs with increasing levels of negative charge (0 mol% DMPS, 10 mol% DMPS or 25 mol% DMPS) was first investigated using QCM-D (Figure 1) . 
Effect of bilayer charge on lipid exchange
In order to obtain more detailed information on the structural effects of HDL and LDL on the Figure 2 shows the change in reflectivity from a 0 mol% DMPS bilayer upon incubation of both LDL (top) and HDL (bottom) with the original bilayer data underlaid in lighter colours.
Three contrast datasets for the 0 mol% DMPS bilayers, prior to lipoprotein addition, were fitted simultaneously along with the bare surface and could be well fitted, agreeing with literature values for the head and tail region thickness and roughness. [30] The SLD of the tail region was found to be slightly lower than previously reported in literature, an effect due to incomplete deuteration of the tail region, as discussed previously. [9] Nevertheless, the bilayer coverage was found to be high, with no detectable water in the tail region and an area per molecule of 60 ± 1 • 2 . Fitted parameters, SI Table 1, . This result suggests that, for zwitterionic bilayers, the deposition of hydrogenous material (i.e., from the hydrogenous lipoproteins to the deuterated bilayer) was the same for both lipoproteins. The main difference between the lipoproteins is that removal and deposition within the tail region of the bilayer are equal for LDL, while removal is substantially higher (9% more) than deposition for HDL. The tail region for LDL can be fitted to have the same SLD in all contrasts, which, assuming a similar density and hydrogenous SLD, means all removed deuterated molecules are replaced within the bilayer with no detectable water. In other words, only lipid exchange takes place for LDL.
For both LDL and HDL, the outer head group region of the bilayer thickened from 9 to 17 • on lipoprotein exposure. However, the corresponding increase in hydration of the layers was not sufficient to account for the head group thickness change. The SLB of the head group should not be significantly affected by hydrogenous phospholipid exchange from the lipoproteins since the lipids used in the SLB have a non-deuterated head group. Therefore, such thickening suggests that material from the lipoprotein resides in this layer, either in the form of exchanged material with a different SLD in the head group region or directly as adsorbed lipoproteins. In relation to the latter, it was necessary to include a diffuse rough layer in order to fit the data, especially at low Q where changes in reflectivity from thick layers are most clearly seen. The coverage of this layer was low, however, amounting to 3 ± 1 % for both HDL and LDL. Hence, only a few lipoprotein particles remain in contact with the bilayer after washing.
DMPC/DMPS 90/10
In our previous study [9] of 10 mol% DMPS bilayers, we found that the amount of deposited hydrogenous material was roughly similar but slightly higher for LDL (31%) compared to HDL (26%). Thus, the addition of 10 mol% DMPS molecules to the bilayer not only increases lipoprotein adsorption (Figure 1 ), but also the amount of lipids removed from the SLB for both HDL and LDL. Quantitatively, the amount of lipids removed was found to be 44% for LDL and 52% for HDL, an increase of 14% and 13%, respectively, compared to 0 mol% DMPS.
DMPC/DMPS 75/25
Representing even higher negative charge density, 75 mol% DMPC: 25 mol% DMPS SLBs were next investigated. The paler underlaid data and fitted lines in Figure 3 show the reflectivity data from 25 mol% DMPS bilayers before lipoprotein exposure, characterised in three contrasts and the data fitted simultaneously with the bare surface. The best fit to the data was found if the charged head group layers were slightly thinner and less hydrated than for the pure DMPC bilayers, in agreement with previous findings [9, 31] . MD simulations showed a reduction in bound water in the head group region of POPC and POPS bilayers, as well as head group re-orientation, in the presence of calcium ions. [32] Calcium ions are present in our system during deposition to screen the surface charge and bridge the negative phospholipids to the negative silicon surface and may induce this head group thinning. A thin layer of water between the silica and the SLB of the same thickness as the surface roughness was also needed to improve the fit. Similarly to 0 mol% DMPS, the SLB surface coverage was found to be high (99% ± 1%), with an area per molecule = 58 ± 1 • 2 , in agreement with previous findings. [33] Fitted parameters (SI Table 1 ), and calculated SLD profiles (SI Figure   1 ) are shown as Supplementary Information. Supplementary Information, Figure SI2 ). This is in agreement with the QCM-D data on the same system ( Figure 1) . Indeed, the minimum in the reflectivity was already evident after 3 hours ( Supplementary Information, Figure SI3 ). The magnitude of structural change is illustrated by the fact that the data obtained from LDL incubation could not be fitted using the same model as described above, or any model preserving the head-tail-head bilayer structure. The best model was found using a 6-layer model and allowing all parameters to vary within rational limits including SLD, which clearly does not allow for detailed structural quantification. However, from the fitted SLD profile
( Supplementary Information, Figure 1 ) and the position of the Kiessig fringe, it can be deduced that the centre of hydrogenous mass of the adsorbed material lies away from the surface at around 100 •. This corresponds quite well with the observed radius of LDL particles. Thus, the LDL particles seem to remain adsorbed to the surface of the silicon crystal after complete destruction of the lipid bilayer. These results are in line with the high affinity for silica surfaces displayed by LDL. [9, 34] The reflectivity data for 25 mol% DMPS bilayers incubated with HDL ( Figure 3, bottom) was similar to that of 0 mol% DMPS and 10 mol% DMPS. Thus, HDL is considerably less destructive to the DMPC/DMPS SLB than LDL. The outer head group layer was found to be larger and less hydrated than for 0 mol% DMPS or 10 mol% DMPS which, coupled with a thinner adsorbed layer model, suggests some interpenetration and flattening of the lipoprotein into the lipid head groups induced by the negative charge. The lower dissipation seen in the QCM-D data for 25 mol% DMPS is in agreement with this result, as lower dissipation would be expected for a more compact adsorbed structure.
The SLD of the tail region is found to be 4.45 x 10 -6 • -1 , corresponding to 30% ± 1% exchange of deuterated lipids from the bilayer with hydrogenous material from HDL. The reproducibility of the calculated lipid exchange suggests that the exchange, i.e., the replacement of deuterated lipids in the lipid bilayers with hydrogenous material from the lipoproteins into the bilayer tail region, depends only weakly on bilayer charge. In contrast, lipoprotein-induced removal was found to be 54%, which is considerably higher than that observed for HDL incubated with 0 mol% DMPS bilayers (40%) but very similar to the result obtained for 10 mol% DMPS bilayers (52%). Thus, addition of negative charge to the bilayer initially increases HDL-induced removal of deuterated lipids from the SLB, an effect saturating at 10 mol% of DMPS in the bilayer. charge. This result is especially interesting considering that, although the particle concentration is kept constant between the LDL and HDL samples, due to the difference in size and composition LDL particles contain twice the number of lipids compared to HDL. [9] In contrast, the number of lipids removed from the bilayer does seem to have a clear link to bilayer charge. Removal by both HDL and LDL increases when moving from zwitterionic to negatively charged bilayers with lipid removal always being higher for HDL. In the case of LDL, however, when 25 mol% DMPS is present the lipid removal is enough to destroy the entire bilayer structure. Finally, Figure 5 shows the kinetics of deuterated lipid removal as calculated from the fitted hTris contrast data recorded during incubation ( Supplementary Information, Figure SI3 ).
Overall, for both LDL and HDL, the kinetics of lipoprotein-induced removal of deuterated lipids from the SLB was found to increase with increasing charge density of the latter. 
Discussion
Due to the importance of lipoprotein binding to endothelial cell membranes as the initial step of atherosclerosis, [2, 35] 
Conclusions
The effect of bilayer charge on the adsorption of lipoprotein, as well as lipid removal and deposition, was studied for DMPC/DMPS bilayers of varying content of anionic DMPS using neutron reflection and quartz crystal microbalance with dissipation. As such, the study extends previous findings on the role of LDL and HDL in lipid removal from, and exchange with, membrane lipids, [9] through addressing the effects of membrane charge on these processes. From neutron reflection studies at multiple contrasts, lipoprotein-induced removal of deuterated lipids from the bilayer could be differentiated from exchange of deuterated lipids with hydrogenous material from the lipoproteins. In all bilayers, the deposition of hydrogenous material, from the lipoproteins to the bilayer, was found to be largely independent of membrane charge density or lipoprotein class. In contrast, lipid removal in the presence of HDL was lower in zwitterionic bilayers, suggesting that the lipid uptake mechanism of HDL was impeded at reduced membrane charge, as indeed found in atherosclerotic plaque prone regions of long-term hyperlipidaemia and type 2 diabetic patients. [18] [19] [20] While simplistic, these findings thus seem relevant also for more complex atherosclerotic plaque formation.
